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Introduction
Crowns and other dental prostheses such as fixed partial dentures are reinforced metallic alloys to combat the intense 
stresses induced by mastication. Concerning fixed partial dentures the name of the complex piece supporting the cosmetic part of the 
prosthesis (artificial teeth) is framework. These frameworks are composed of “parent alloy” parts which are soldered to one another [1]. Different categories exist for the parent alloys. There the “High 
Noble” alloys (Au + Pt + … > 60wt. % of noble metals), “Noble” ones 
(> 25 wt.%) and “Predominantly Base” alloys (less than 25wt% 
of noble metals). Many “Predominantly Base” parent alloys are 
based on nickel and contain chromium in rather high quantity for 
the resistance against corrosion in mouth. However nickel may potentially lead to allergic reactions [2]. Other “Predominantly Base” alloys also exist with not so serious problems: some alloys based on cobalt [3].Cobalt-chromium alloys are the most popular cobalt-based dental alloys. They often contain molybdenum in their chemical 
 
composition [4], to benefit from its solid solution hardening effect. One can notice that chromium and molybdenum improve two types of properties in the same way as in cobalt-based super alloys [5]: resistance to high temperature oxidation and hot corrosion [6] and resistance to high temperature creep deformation [7].Co-Cr-Mo dental alloys can be synthesized by casting [8] or 
by powder metallurgy [9,10] for example. Significant contents of other elements such as W [11] or Ti [12] can be also present. 
The cobalt-chromium alloys are less frequently used for dental 
prostheses than the nickel-chromium ones but one can find several 
works concerning their microstructures [13], their mechanical behaviors [14] and their corrosion properties [15,16]. Many cobalt-based alloys devoted to medical applications of various types were subjects of patents, for dental applications as well as for orthopedic prostheses, stents [17]. several types of elaboration and shaping processes are evocated in these patents. Indeed, beside foundry [18] 
one can find material-removing machining [19], plastic deformation 
AbstractCobalt-based alloys are more and more considered for dental applications, instead the expensive noble alloys and the other 
predominantly based alloys based on the allergen element nickel. These alloys frequently contain chromium to allow good resistance 
against corrosion as this may take place in the buccal milieu. The most often chromium is present in high quantity, close to 30wt. %, but it is maybe possible to decrease a little its contents without losing corrosion resistance. The aim of this study is exploring how the corrosion behavior of a cobalt alloy may vary versus its chromium content. In order to simplify this investigation only Co-xCrbinary alloys were considered, with x decreasing from 30 to 0wt.% by slices of 5wt.%. A series of seven alloys was synthesized 
by foundry under inert atmosphere and their behavior in corrosion in an artificial saliva of simple composition (NaCl 9g/L) acidified 
to pH=2.3 was specified using various classical electrochemical techniques (open circuit potential follow-up, Stern-Geary, Tafel, 
cyclic polarization). It appeared that passivation of the alloys occurred during the first two hours of immersion when the chromium content was 10 wt. % or higher, with as result high corrosion potentials and low corrosion current densities..
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[20], soldering alloys [21], and coating alloys [22]. Various types of composition scan be found in these patents, such as {Co-Cr} +Mo 
[23], + Mo &Ti [24], + Mo &W [25], + Ni&(Mo, Ti, Ta) [26], + W & Nb [27] and even + Ru [28]. Noble metals can be additionally present in cobalt-chromium alloys [29] while carbon can be added to achieve high strength [30]. This shows that many patents were established about cobalt-chromium alloys and concern various medical uses. In contrast, published articles about these cobalt alloys are curiously rather rare, particularly concerning corrosion studies.Dental cobalt alloys may thus present a great variety of elements in their compositions. After cobalt, the element which is the most present is chromium, with contents the most often close to 30 wt. %. With about 400°C more in term of melting temperature by comparison to cobalt, chromium is an element both very present and rather refractory. This may be a problem for foundry operations since parts of chromium may be hard to melt totally, this possibly leading to not-melted parts trapped in the microstructures of the 
as-cast alloys, with potentially detrimental consequences for the mechanical properties. It can be therefore interesting to lower the 
Cr content. One can find in literature that some rare compositions may contain chromium with contents lower than 30wt. %, e.g. 20wt. % and even 15wt. %. One can guess that melting such alloys should be easier than for alloys containing 30wt.%Cr, but also one can unfortunately expect a decrease in resistance against corrosion. 
To help choosing lowered chromium contents the knowledge of 
the dependence of the corrosion of cobalt-based alloys in artificial saliva on the chromium content may be compulsory.The present study aims to explore the dependence of the corrosion behavior on the chromium content in cobalt-based dental alloys by considering a series of binary Co-Cr cast alloys. For these ones the chromium content was decreased by slice of 5wt. %, 
from 30wt. % down to 0wt. %. High frequency induction melting under inert atmosphere was used for obtaining these alloys, which were thereafter tested in corrosion for conditions typical of the 
buccal milieu. For that a simple electrolyte, a 9g/L NaCl aqueous 
solution heated at 37 °C, was chosen. The pH of this simple artificial saliva, among the most classically used in earlier corrosion studies 
carried out on dental alloys (e.g. [31]), was lowered down to 2.3 to increase its aggressiveness by still respecting the pH which may 
be encountered in the buccal milieu. Electrochemical techniques classically used characterizing corrosion was employed: three-electrode cell, potensiostat, stationary electrochemical methods 
(free potential follow-up, Stern-Geary run, Tafel, cyclic polarization).
Materials and MethodsThe experimental details of this study may be resumed as follows:
Synthesis of the alloys (Figure 1)
a) Weighing of the pure elements Co and Cr (purity > 
99.9wt.%, Alfa Aesar), for 10g of mixture for each alloy; expected Cr contents: 30, 25, 20, 15, 10, 5 and 0wt.% 
Figure 1: One of the alloys during its homogenization in its 
liquid state.
b) Introducing in the copper crucible of the high frequency 
induction furnace (CELES) and isolating from laboratory air with a silica tube 
c) Making of an internal atmosphere of 300mbars of pure Ar 
(3 cycles of emptying using a primary vacuum pump and filling 
by pure Ar)
d) Heating, melting, chemical homogenization, cooling and 
solidification (110kHz, between 4 and 5kV, isothermal stage 
during 3min in liquid state)
Metallographic preparation and chemical & microstructure 
characterization
a) Dividing of the spherical ingots in two halves 
(metallographic saw Delta Abrasimet Cutter, BUEHLER)
b) Embedding of one of the halves in a cold mix of resin and 
hardener (Mecaprex MA2+, PRESI)
c) Grinding with SiC papers from 400-grit to 4000-grit, 
under water, ultrasonic cleaning, final polishing with textile 
containing 1µm diamond particles until mirror-like state
d) Microstructure observation using a Scanning Electron 
Microscope (JSM-6010LA, JEOL) in Back Scattered Electrons 
mode (SEM, BSE)
e) Chemical composition measurement with the Energy 
Dispersion Spectrometer (EDS) attached to the SEM
Obtaining the electrodes
a) Joining of the denuded copper part of a plastic gained electrical wire and the upper part of the second ingot half
b) Embedding of the half ingot with total immersion of the spherical part of the alloy surface and of the denuded part of the electrical wire, the circular plane surface of the half ingot remaining free
c) Grinding and polishing until mirror-like state
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Preparation of electrolyte
a) Weighing of NaCl (AnalaR Normapur) and dissolution in distilled water, homogenization during 10 minutes using a magnetic agitator
b) Heating to 37°C +/- 2°C and oxygenation by air bubbling for 15 minutes
c) Adjustment of the pH to 2.3 using a 0.01Mol/L HCl solution, followed by new heating of the solution to 37°C
Setting the corrosion characterization apparatus (Figure 2):
Figure 2: The whole apparatus used for the electrochemical 
measurements.
a) Positioning of the double-envelope three-electrode cell, 
connection to a F32 heater/cooler (JULABO) and heating of the cell by internal circulation of warm water (heated and maintained at 
about 39°C by the F32 device)
b) Connection of the double-envelope three-electrode cell to 
a potensiostat (263A, EG&G Instruments P. A. R.)
c) Filling of the cell with the {37°C-heated, 15min aerated, pH 2.3}-solution
d) Immersion of the working electrode (the Co-Cr alloy), 
the auxiliary electrode (platinum) and the reference electrode 
(saturated Calomel)
Running of the electrochemical experiments (driven by the 
Power Suite software):
a) Follow up of the free potential (open circuit potential, 
Eocp1) of the working electrode for 1h
b) Polarization from Eocp-20mV to Eocp+20mV at 10mV/min and measurement of the polarization resistance Rp1 (leading to the assessment of the current density of corrosion Icorr according 
to the Stern-Geary method)
c) Follow up of the free potential (open circuit potential, Eocp1) of the working electrode for a supplementary hour
d) Polarization from Eocp–20mV to Eocp+20mV at 10mV/min and measurement of the polarization resistance Rp2 (new Icorr)Then:
a) Either a Tafel run (polarization from Eocp – 250mV to Eocp 
+ 250mV at 10mV/min, to determine the Icorr, the corrosion potential Icorr and eventually the cathodic and anodic Tafel 
coefficients and 
b) Or a cyclic polarization between Eocp -150mV to Eocp+1.23V 
at +1mV/s and return to examine the behavior of the alloy at 
high potential (e.g. passivation, depassivation).
Results/Observations
Obtained Chemical Compositions and Microstructures
The obtained alloys were first subjected to the assessment of their chemical compositions. Full frame ED’s measurements 
(accuracy: ±1wt. %) performed on the metallic surfaces of the metallographic samples showed that the wished compositions 
were well respected. The observation of the mirror-like surfaces 
at various magnifications by varying both brightness and contrast 
showed that all the alloys were single-phased (Figure 3) and suggested that they were also well chemically homogeneous.
Figure 3: Illustration of the single-phased states of the 
studied alloys (here only 4 out of the 7 alloys, SEM/BSE, 
×250).
Free-Potential EvolutionAfter immersion the free potential or open circuit potential (Eocp) evolution was followed during 2 hours before performing either a Tafel experiment or a cyclic polarization. Thus two Eocp evolutions were recorded between immersion and 2 hours later per alloy. All the 2×7 = 14 curves are plotted together in (Figure 
4). For each alloy (associated to a particular color) the thin curve 
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corresponds to the Eocp evolution before Tafel run and the thick one corresponds to the Eocp evolution before the cyclic polarization. One 
can first see that for a given alloy there is a good reproducibility between the two evolution curves, maybe except for the Co-30Cr alloy. Globally it seems that the higher the chromium contents the higher Eocp potential. Furthermore one may divide the 14 curves in 
two groups: a low Eocp group containing the pure Co, Co-5Cr and Co-10Cr alloys, and a high Eocp group gathering the Co-15Cr, Co-20Cr, Co-25Cr and Co-30Cr ones. Quantitative data are available in (Table 
1). The numerical values of Eocp at t=1h and at t=2h effectively increase from the Cr-free cobalt alloy and the Cr-richest cCo-30Cr alloy.
Table 1: Freepotential after 1h and 2h of immersion before the Tafel run or the cyclic polarization for all alloys.
Eocp/HNE in mV
Immersion 
Time TF or PP wt.% Cr 0 5 10 15 20 25 301h Tafel -79 -109 -63 -53 -36 -35 -39Cyclic Polaris. -113 -102 -77 -35 -49 -29 -302h Tafel -144 -131 -73 -53 -49 -27 +37Cyclic Polaris. -119 -141 -87 -34 -27 -1 +28
Figure 4: Evolution of the free potential Eocp during 2h (all 
alloys).
Stern-Geary RunsFor each alloy, after 1h or 2h of immersion and Eocp follow-up, a linear polarization between Eocp – 20 mV and Eocp+20mV was 
applied to record the I=f(E) curve in its linear part centered on Eocp. The measurement of the slope of the tangent straight line and of the calculation of its inverse value led to the polarization resistance. The two values obtained per alloy after 1 hour of immersion (before 
Tafel and before cyclic polarization) and the two ones obtained per 
alloy after 2 hours of immersion are displayed in (Table 2). The Rp values corresponding to the Co-0Cr, Co-5Cr and Co-10Cr are rather 
low (several hundreds to about 1500Ω×cm²) while the ones of the Co-15Cr, Co-20Cr, Co-25Cr and Co-30Cr alloys are much higher: 
order of magnitude = 100,000Ω×cm², as is too say × 100 more than 
for the three first alloys.
Table 2: Polarization resistances after 1h and 2h of immersion before the Tafel run or the cyclic polarization for all alloys.
Rp values in Ω × cm²
Immersion 
time TF or PP wt.% Cr 0 5 10 15 20 25 301h Tafel 1384 460 1419 102937 90032 130023 70951Cyclic Polaris. 626 659 811 143132 142700 172664 1463822h Tafel 1440 436 1283 150243 147507 270281 66295Cyclic Polaris. 695 573 813 256426 200771 246784 164156
Tafel Experiments
Table 3: Corrosion potential and corrosion current after 2h of immersion (Tafel method); values of the two Tafel coefficients.
Rp values in Ω × cm²
wt.% Cr 0 5 10 15 20 25 30
Ecorr (mV/
NHE)
-136.64 -116.83 -74.67 -38.55 -50.86 -15.98 +34.67
Icorr (µA/cm²) 10.905 39.854 11.158 0.202 0.06 0.098 0.443
 (mV/dec) 197.760 481.70 155.130 89.017 69.815 97.49 294.54
 (mV/dec) 92.993 55.920 55.174 132.53 69.113 168.63 106.78
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After 2 hours of immersion each alloy was subjected to a Tafel run, performed between 250mV below the last Eocp value and 250mV above the same last Eocp. The seven corresponding curves 
are plotted together in (Figure 5). When the Cr content in alloy increases the value of the corrosion potential seems to regularly 
increase, which is confirmed by the values of Ecorr displayed in 
(Table 3). The values of the corrosion density of current Icorr does not regularly evolve versus the chromium content in the alloy but it globally decreases when the alloy is richer in Cr. Furthermore, two groups can be here too constituted: on one hand Co-0Cr, Co-5Cr and Co-10Cr for which the order of magnitude of Icorr is 10-5 A/cm², and on the other hand Co-15Cr, Co-20Cr, Co-25Cr and Co-30Cr for which the order of magnitude of Icorr is 10-7 A/cm². The numerical values of Icorr are also given in (Table 3).
Figure 5: Tafel runs after 2h of immersion (all alloys).
Cyclic polarization experimentsAll the alloys also underwent a cyclic polarization. The potential increasing part started 150mV below the last Eocp recorded and linear polarization was applied at constant rate until reaching Eocp + 1.23V. The seven I=f(E) curves plotted in semi-logarithmic scale are presented together in Figure 6. The bottom part of these curves, which are similar to the Tafel ones but without the same potential interval and recorded for a much higher scan rate, show 
the same features: E(I=0) increasing with the Cr content in alloy and much corrosion currents decreasing when the Cr content increases. Furthermore one can see that the potential increasing parts of the cyclic polarization curves can be themselves gathered between the {Co-0Cr, Co-5Cr, Co-10Cr} group and the group of the 
four other alloys richer in Cr. The alloys of the first group (low Cr) are characterized with their long anodic part located on the right 
part of the graph (anodic current from 0.01 to 0.1A/cm²) while the 
ones of the second group of alloys (high Cr) are more in the middle 
part of the graph. Between 0 to about +300mV/NHE there are three orders of magnitude for the anodic current densities between the 
first group and the second one. For higher potentials the difference is lower: between 1 and 2 orders of magnitude. The potential-
decreasing parts of the curves are plotted together in (Figure 7) 
they are seemingly quite similar to the potential-increasing parts.
Figure 6: Going part of the cyclic polarization curves 
carried out after 2h of immersion (all alloys).
Figure 7: Coming part of the cyclic polarization curves 
carried out after 2h of immersion (all alloys).
DiscussionThe seven binary alloys were successfully synthesized by high 
frequency induction melting and no not-melted parts were found in the ingots where they were cut. This absence of any inclusion of pure 
chromium was confirmed by the well-respected Cr content of the solid solution of these single-phased alloys. They were all mounted as electrodes and they underwent different complementary electrochemical experiences. It was seen that the free potential rather clearly depended on the Cr content in alloy. It obviously increases when the Cr content increases and such phenomenon can be related to the nature of the cathodic and anodic reactions. To better understand the differences of behavior one can compare these potentials to the different potential ranges determining the stability of the different possible species at pH=2.3. These domains 
are added on the right side of (Figure 4) to allow comparison of the average position of the free potentials and the potential limits of the domains corresponding to the different degrees of oxidation of the Co element and of the Cr element, as well as to the water one. One can see that all potentials correspond to the Co2+ and Cr2O3 species. 
The same configuration is found for the (Figure 5) (Tafel plots) and 
(Figure 6) (E-increasing-part of the polarization curves).
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However the free-potential or corrosion potentials observed for the Co-0Cr, Co-5Cr and Co-10Cr alloys are close to the H+/H2 
equilibrium one, this suggesting that these alloys are in an active state. This should be in good agreement with the low polarization resistances and the high corrosion current densities measured for these three Cr-poor alloys. They are obviously subjected to the 
Co (solid) + 2H+ (solution) → Co2+ (solution) + H2 (gas) reaction, 
exclusively (Co-0Cr alloy) or principally (Co-5Cr and Co-10Cr 
alloys).
In contrast the free potentials/corrosion potentials observed for the Co-15Cr, Co-20Cr, Co-25Cr and Co-30Cr alloys are much higher and far from the H+/H2 equilibrium. These potentials correspond to the stability of the Co2+ and Cr2O3 species too but 
they are much higher than the H+/H2 equilibrium potential. Taking into account the very low corrosion rates one can deduce that they 
are passivated, with as consequence a free or corrosion potential 
defined by an equilibrium between the O2→ H2O reduction reaction (instead H+ → H2) and the anodic Cr0→ CrVI (Cr(OH)3 or Cr2O3) oxidation reaction, though the passivation layer which probably 
formed during the first two hours of immersion. Indeed, no anodic 
peak can be found on the potential-increasing parts of the cyclic polarization, this suggesting that they were already covered by a 
protective thin scale of Cr(OH)3 or Cr2O3 (chromia) when arriving to the Tafel or the cyclic polarization experiments (thus after less 
than 2 hours of immersion). The increase in potential observed in 
(Figure 4) during the first 20 to 30 minutes of immersion suggests 
that these four Cr-richest alloys were passivating during this first half an hour period. For the Co-30Cr alloy the passivation scale remains stable during the elevation of potential imposed during the potential-increasing part of the cyclic polarization (Figure 
6) as well as during all the decrease in potential (Figure 7). For 
this alloy one must mention that the Cr(OH)3 or Cr2O3 →Cr2O72- 
transpassivation reaction starts (E-increasing part, (Figure 6)) or 
ends (E-decreasing part, (Figure 7)) when the potential reaches the 
frontier separating the Cr(OH)3 or Cr2O3 andCr2O72- domains. This does not occur for all the other alloys. This is logical for the Co-0Cr to Co-10Cr alloys while this demonstrates that the Co-15Cr to Co-25Cr alloys are maybe not totally covered by the chromia scale or 
that this one is too thin. The latter point seems to be confirmed 
by the sudden increase in anodic current taking place when the 
applied anodic potential reaches +400mV/NHE for the Co-15Cr and 
Co-20Cr alloys and +500mV/NHE for the Co-25Cr one.
One can finish by remarking that the Co-10Cr alloy seems starting to passivate in the anodic part of the Tafel experiment. 
Indeed a clear anodic peak followed by a decrease in current density 
is obvious in (Figure 5). The same tendency can be seen also on the anodic part of the potential-increasing part of its cyclic polarization curve. But the obtained passivation state seems perfectible since the density of current in the “embryo of passivation plateau” 
remains very high. Nevertheless one can suppose that a critical Cr content separating active behavior and passive behavior may exist between 10wt.% and 15wt.% for these binary alloys.
Conclusion
This systematic study in a rather simple artificial saliva but which is however particularly aggressive (rather concentration of 
chloride ions and acidic pH) show that the chromium content can be 
decreased to 15wt. % without significant loss of the good corrosion resistance (very high polarization resistance, very low corrosion 
current). It is maybe possible to decrease again the Cr content lower than these 15wt.% but without approaching the 10wt.% for which the polarization resistance is divided by 100 and the corrosion current multiplied by 50 by comparison to 15wt. %Cr. By adding 
other elements (reactive elements such as Si or Al for instance) it is possible to stabilize the good corrosion resistance while the addition of other ones may be detrimental, on the contrary. The critical Cr must then be established for each real dental alloy with its typical contents in Si, Mo, W and other elements, for example by elaborating and testing in corrosion versions of each complex dental alloy with varying Cr contents. But one can guess that the critical Cr contents maybe not very far the ones of the binary Co-Cr alloys.
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